Abstract A rapid and sensitive two-step RT-PCR protocol for simultaneous detection of major apple viruses, namely Apple mosaic virus (ApMV), Apple stem pitting virus (ASPV), Apple stem grooving virus (ASGV), Apple chlorotic leaf spot virus (ACLSV) and Apple scar skin viroid (ASSVd), was developed. Five specific primer pairs were tested and confirmed for these viruses and viroid together in a single tube, giving amplicons of *198, *330, *370, *547 and *645 bp corresponding to ASGV, ASSVd, ASPV, ApMV and ACLSV, respectively. Using a guanidinium-based extraction buffer along with a commercial kit resulted in better quality RNA as compared to kit, suited for multiplex RT-PCR. A rapid CTAB method for RNA isolation from apple tissue was developed, which produce good yield and saves time. To the best of our knowledge, this is the first report on the simultaneous detection of five pathogens (four viruses and a viroid) from apple with NADH dehydrogenase subunit 5 (nad5) as an internal control.
Introduction
Apple is one of the most important and widely grown fruit crop, providing a living for farmers worldwide. India is ranked seventh in world apple production. Due to prevalent agricultural practices, the crop has been found infected by many viral and subviral pathogens across world, notably Apple stem pitting virus (ASPV) [12, 15] , Apple chlorotic leaf spot virus (ACLSV) [13, 15] , Apple mosaic virus (ApMV) [23, 24] , Apple stem grooving virus (ASGV) [26] and Apple scar skin viroid (ASSVd) [5, 7, 16] . ACLSV, and ASGV belong to family Betaflexiviridae, genus Trichovirus, and Capillovirus, ASPV belongs to family Alphaflexivirideae, genus Foveavirus. Apart from these some other viruses and viroids are known to infect apple in other parts of world. All of these pathogens reduce fruit quality and quantity, and plant growth [3, 22, 27] . High level of infection or mixed infection causes severe losses especially in perennial crops such as apple. Planting virusfree materials is necessary to limit losses caused by viral and subviral pathogens. For routine diagnosis, molecular techniques such as PCR provide a highly sensitive and rapid method of detecting these pathogens over conventional bioassays and ELISA. However, use of PCR in diagnostic laboratories can be limited due to the cost of its reagents and only one pathogen is detected in one time. This can be circumvented with the development of multiplex RT-PCR protocols that detect multiple pathogens in single reaction, thus providing a quicker, sensitive, reliable and costeffective routine diagnosis. Previously such type of protocol was developed for detection of apple viruses viz. in which two pathogens were detected in two tubes and four in one tube [8, 19, 20] . Present study focuses on development of mRT-PCR which can detect all major pathogens (five) including ASSVd viroid in one reaction, as mixed infections are very common in apple. ASSVd is one of the prevalent pathogen in apple orchards of India [17] and this study offers an advantage of previously reported ones.
Materials and Methods

Sample Collection
Samples were collected from Rohru, Hatkoti, Jubbal and Kotkhai areas in the Shimla district, the Rekong Peo, Kothi and Kalpa areas of the Kinnaur district, and Palampur in the Kangra district (based on visual viral symptom and without symptoms as well), of Himachal Pradesh located in Northern India. Field and tissue-culture samples from our institute (sample number 13-21; P1-P27 and 31-38, respectively, Table 1 ) were also collected.
Nucleic Acid Extraction
Total RNA was extracted from 100 mg leaf and bark tissue using commercial kit (RNA plant mini kit, Qiagen, Hilden, Germany). The extraction buffer (EB) provided with the kit was slightly modified to contain 4 M guanidine thiocyanate, 0.2 M sodium acetate pH 5.0, 25 mM EDTA and 2.5 % (w/v) PVP-40 [18] in 1:1 ratio. In modified CTAB method, 100 mg of tissue was crushed in liquid nitrogen and was transferred to 1 ml CTAB containing 1 % 2-b mercaptoethanol. This mixture was heated for 10 min at 60°C. Plant debris was separated and supernatant was extracted with chloroform: isoamyl alcohol (24:1). Aqueous phase was recovered and incubated with 3units of DNase I (Fermentas, Vilnius, Lithuania) at 37°C/30 min. To this 0.8 volume of isopropanol was added and mixed gently by inverting tubes. This mixture was incubated on ice/5 min and then centrifuged at 14,000 rpm/20 min at 4°C. Pellet was washed with 80 % ethanol. Final pellet was resuspended in 40 ll of RNase free water and analyzed on nanodrop (Themo scientific) and on agarose gel (1 %). Similar protocols were followed for leaf and bark tissue.
Oligonucleotides
Viruses and viroid-specific primer pairs were used for the detection of ACLSV, ASGV, ApMV, ASPV and ASSVd (Supplementry Table 1 ), alongwith NADH dehydrogenase subunit 5 gene (nad5) as an internal control for plant mRNA [14, 19] . For primer designing coat protein gene was used for ACLSV, ASGV, ApMV, ASPV while in case of ASSVD whole genome was used. Amplicons were sequenced using an ABI Prism 310 with an ABI prism Big Dye-Terminator v3.0 Ready Reaction Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA).
Simplex RT-PCR First-strand cDNA synthesis was carried out in 25 ll reaction containing 800 ng of total RNA, 1 ll (200 units) of reverse transcriptase enzyme (M-MLV; USB, USA), 5 ll (59) RT buffer, 1 ll of 40 mM dNTP mix, and 1 ll (10 pmol/ll) of specific primers. Reaction was first denatured at 65°C for 5 min along with primers and then chilled on ice/5 min followed by addition of other components. Reaction was incubated at 37°C/75 min followed by incubation at 80°C/5 min. PCR was carried out in a thermocycler (G-Storm thermal cycler GS2, Somerton Biotechnology Centre, Somerset, UK) using each 1 ll (10 pmol/ll) virus specific forward and reverse primers, 5 ll first strand cDNA, 5 ll (10x) taq buffer, 1.5 units of taq DNA polymerase (Genei Banglore), 1 ll of 2.5 mM dNTP mix in a total of 50 ll volume. Reaction was amplified for 30 cycles (30 s at 94°C, 35 s at 58°C, and 1 min at 72°C). The PCR products were fractionated on 
Optimization of Multiplex RT-PCR
Four primer pairs were used in this study (Supplementary Table 1 ) had never been used previously in multiplex RT-PCR assays. The multiplex RT-PCR assay was optimized with regular Taq (Bangalore Genei, Bengaluru, India), Hot Start Taq (Fermentas, Vilnus, Lithuania) DNA polymerase and multiplexing kit from Qiagen under the conditions described above with nad5 as an internal control.
ELISA
Leaf samples were tested by double-antibody sandwich ELISA (DAS-ELISA) for the targeted viruses ACLSV, ApMV, ASPV, and ASGV using a commercial kit (Bioreba, Reinach, Switzerland).
Results and Discussion
ELISA
Only few sample (10) found positive in DAS-ELISA. Of these positive samples, only RC, P-1, were found positive for all viruses. In P-6 (ApMV, ACLSV); P-25, P-27 (ApMV, ACLSV, ASPV); P-4, P-8, P-12, P-16 & P-17 (ApMV) found positive for mentioned viruses. Samples recollected in September (P-1 to P-29) were also analyzed but all were found negative in DAS-ELISA.
Amplification of the Various Viral Gene Fragments By Simplex RT-PCR
RNA was extracted from leaf and bark tissue and all pathogens were successfully detected from this preparation (Fig. 1) . Both methods of RNA extraction were found to be reliable and rapid, giving good yield of RNA. Modified CTAB method is easy and quick to perform as all precipitation steps were omitted. Approximately within 2 h good quality RNA (*30-35 lg/100 mg tissue) was obtained. Also the quality is assessed during reaction as in this assay plant gene nad5 is incorporated as internal control. To check the specificity of the primer pairs, simplex RT-PCR was first carried out and validated to choose the best working primers. Amplicons of *198, *330, *370, *547 and *645 bp corresponding to ASGV, ASSVd, ASPV, ApMV and ACLSV, respectively, were obtained by this method (Fig. 1) . RC, Rd-1, Gd-2, Gd-3 (from Palampur and Jubbal) known viral sources were used first in the simplex and then in the multiplex RT-PCR assay ( Table 1) .
Optimization of Multiplex RT-PCR
Multiplex RT-PCR assay was optimized with regular Taq (Bangalore Genei, Bengaluru, India), Hot Start Taq (Fermentas, Vilnus, Lithuania) DNA polymerase and multiplexing kit from Qiagen under the conditions described above with nad5 as an internal control ( Fig. 2 and Supplementary Fig. 1 ). Specific amplification products were obtained for all viral and subviral pathogens as well as nad5 following electrophoresis on a 3 % agarose gel and staining with EtBr (10 mg/ml). Specificity of the fragments obtained following electrophoresis was validated by sequencing the amplicons. On sequencing amplicons showed 198, 330, 370, 547 and 645 bp corresponding to ASGV, ASSVd, ASPV, APMV and ACSLV, respectively. An increase in MgCl 2 concentration was found to increase band intensity. All samples showing virus-like symptoms (i.e. collected from different regions of Himachal Pradesh) were found positive and most of the samples were found infected with more than one virus (Table 1 ). Samples Rf-1, 
Sensitivity of Multiplex RT-PCR and comparison with ELISA
To test the detection sensitivity of the multiplex RT-PCR, amplification was carried with serially diluted cDNA along with other parameters such as the use of random hexamer primers versus specific primers, and amplification by Taq DNA polymerase, hot-start Taq DNA polymerase or multiplexing kit were compared (Supplementry Fig. 1a-c) . To avoid non-specific annealing of primers and their dimer formation, primers that bind at high temperature were selected. To avoid non-specific binding and amplification, hot-start Taq DNA polymerase was used, and gave better results than the regular Taq DNA polymerase. To determine the sensitivity of the reaction, an initial 5 ll of cDNA was serially diluted from tenfold up to 10 -6 -fold. Multiplex RT-PCR was carried out with these dilutions using the hot-start Taq DNA polymerase and a multiplexing kit. Up to 10 -1 , all pathogens were detected with hot-start Taq, whereas with the multiplexing kit, sensitivity reached 10 -2 (Fig. 3) . At higher dilutions, all pathogens except ApMV were detected (Fig. 3) , showing the high sensitivity and specificity of the protocol. To check the reproducibility of assay in dormant season when viral titre is low, field samples (P1-P29) collected twice in two seasons were analyzed by mRT-PCR. Similar results were obtained in multiplex RT-PCR in both seasons (Table 1) , however there was variation in DAS-ELISA results ( Table 1) .
Validation of Amplicons Obtained by Multiplex RT-PCR
Amplicons were sequenced and compared to known sequences in the database and were found to be specific for the target viruses. As a cross-check, some samples were analyzed by simplex RT-PCR followed by multiplex RT-PCR. Initially, protocol is validated on known samples and now it is routinely used. The amplification protocol was tested on 88 field samples collected from different areas of the Kangra, Shimla and Kinnaur districts of Himachal Pradesh (Table 1) . A reliable and highly sensitive method for viral and subviral pathogen detection is a pre-requisite for selecting trees for budwood (scions) and for raising virus-free rootstocks. As mixed infection is common in apple, development of a highly sensitive, reliable, rapid and economical method of detection is an absolute necessity, especially taking into consideration the ubiquitous presence of viruses and viroids in the field. ELISA is not very reliable and is time-consuming. A number of procedures have been developed for simultaneous detection of various viruses wherein workers [10] reported the detection of ASGV along with Cherry mottle leaf virus in apple. A multiplex RT-PCR assay was developed for diagnosis of ASPV and six viroids Citrus exocortis viroid (CEVd), Citrus bent leaf viroid (CBLVd), Hop stunt viroid (HSVd), Citrus viroid III (CVd-III), Citrus viroid IV (CVd-IV), Citrus viroid OS (CVd-OS) and Apple stem grooving virus (ASGV, synonym: Citrus tatter leaf virus, CTLV) from citrus plants [9] . There have been many other efforts in this fold diluted cDNA. There is requirement of a turbidometer for final assessment. It has been rarely used for plant virus detection. Realtime-PCr on the other hand offers great sensitivity and exact quantification of pathogen, but there is high cost associated (probes or dyes) alongwith specialized equipment. In the present study, an rapid, improved, cost effective approach was adopted to develop multiplex RT-PCR assay for four major apple viruses and Apple scar skin viroid, using the plant gene nad5 as an internal control. Several parameters were optimized to develop a reliable multiplex assay. We obtained positive results with primer concentrations varying from 0.5 to 0.8 ll (10 pmol/ll stock), but best results were obtained with 0.8 ll of each primer, along with increased MgCl 2 concentration up to 1.6 mM. Annealing temperature and extension time also play a critical role during multiplex RT-PCR detection. Generally, a higher annealing temperature, an increase in the number of cycles and a small extension of the annealing time provided reliable and specific results. The quality of the nucleic acids is a limiting step in multiplex RT-PCR, so it is important to choose the best method of nucleic acid extraction. Selection of an internal control is another important step to obtaining reliable results in PCR, as this gives preliminary information on the quality of the RNA and helps in interpreting negative results [19] . The two-step multiplex RT-PCR is more sensitive than its one-step counterpart [6] . Use of random hexamers for the RT and hotstart Taq DNA polymerase improved the cDNA quality and reaction specificity and resulted in detection at higher dilutions. Previously reported methods detected four major apple viruses (ACLSV, ASGV, ASPV, ApMV) with and without an internal control, in two separate tubes [19, 20] and in a single tube [8] . Here we report the simultaneous detection of five major economic pathogens of pome fruits in single tube (four major viruses ACLSV, ASGV, ASPV, ApMV and viroid), which are a real problem in the orchards. This mRT-PCR assay is reliable, sensitive, simple, rapid, cost-effective method to detect these pathogens in apple and could be opted in small labs in early screening of nursery raised plants, mother plants used for raising virus free planting material through tissue culture and other phytosanitary purposes. Approximately within 7-8 h one can get results from multiple samples starting from RNA extraction to gel analysis by using this multiplex RT PCR. Also this will be useful to quarantine and certification programs and virus surveys when large numbers of samples are tested.
Results also confirm the presence of mixed infection in Indian apple orchards as also reported previously [17] .
